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R162Split Genes: Another Surprise from
GiardiaSome genes in the candidate early-branching eukaryote Giardia lamblia occur
in separate pieces, transcribed from non-contiguous chromosomal locations.
The pre-mRNAs from the separate pieces apparently find each other by regions
of complementarity and are subsequently spliced together by the spliceosome.
Could genes in pieces, transcribed into separate pre-mRNAs, have been an
early feature of spliceosomal evolution?RNAs anneal
RNAs trans-splice
Mature mRNA Lariat or Y-branched product
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Pre-mRNAs transcribed from separate locations
Figure 1. Trans-splicing of pre-mRNAs from separate chromosomal locations.
The genes occur in separate pieces, transcribed separately. The two pre-mRNAs find each
other by intermolecular base pairing in the ‘outrons’. Finally, the exons are spliced together
by the spliceosome, yielding a mature mRNA and a broken lariat, or Y-branched, structure.Thomas Blumenthal
In a new paper in this issue of Current
Biology [1], as well as a recent report
from Nageshan et al. [2], it is
demonstrated that mRNAs from some
genes of Giardia lamblia, a candidate
early-branching eukaryote, are spliced
together from separate pre-mRNAs
made from gene fragments in distinct
chromosomal locations. In this
Dispatch, I consider the possibility that
early in eukaryotic evolution some
genes may have occurred in separate
pieces, the transcripts of which were
spliced together. Later, these genes
were assembled at the DNA level. So
while virtually all genes may now be
contiguous units, not all may have
arisen fully formed. In this idea, one of
the spliceosome’s early functions
could have been to create mRNA
order from DNA chaos.
Thespliceosome isknown forsplicing
out introns frompre-mRNAs and joining
together the exons that surround the
intron. In fungi,mostprotists,plantsand
many animals this is all the spliceosome
is known to do. However, the
spliceosomes of someanimal phyla and
someprotists canalsoperforma variant
of the intron removal reaction, knownas
trans-splicing, in which pre-mRNAs
transcribed separately are spliced
together (reviewed in [3]). There are two
distinct variations on this theme. In the
better-studied kind, a short spliced
leader (SL) is spliced to the first 30 splice
site in a pre-mRNA to remove its 50 end
or ‘outron’. TheSL therebybecomes the
50 endof thematuremRNA. Thedonor is
itself a small nuclear ribonucleoprotein
particle (snRNP) quite similar to the
snRNPs that form the core of the
spliceosome (U1, U2, etc.).
The other kind of spliceosomal
trans-splicing, sometimes called
‘genic’ trans-splicing, is more like
intron removal. In these cases, the
genes clearly occur in pieces that
are individually transcribed intopre-mRNAs that are then subject to
splicing. Parts of the coding regions
can be in distinct chromosomal
locations, but the individual
pre-mRNAs manage to find each other.
In most instances this is not very well
understood mechanistically. The first
cases to be uncovered were in
Drosophila in which the genes mod
(mdg4) and lola are transcribed in
pieces, but from the same region of the
genome, although not necessarily the
sameDNA strand [4,5]. Themechanism
by which the appropriate splice sites
are paired together in these genes has
not been studied, although proximity is
clearly an important factor. This kind of
trans-splicing, but between alleles,
may be widespread in the fly [6] and
genic trans-splicing has also been
shown to exist in other insects [7].
In the nematode Caenorhabditis
elegans a single instance of this kind of
trans-splicing has been found, in which
the two pre-mRNAs are brought together
by formation of an extended secondarystructure [8]. The pre-mRNA containing
the 50 splice site contains a sequence
near its 30 end that can anneal to the
antisense sequence that occurs near the
50 end of the pre-mRNA containing the 30
splice site to which it splices, thereby
putting the correct 50 and 30 splice sites
intoproximity (Figure1).Thespliceosome
then splices the two RNAs together as if
they were on the same pre-mRNA.
G. lamblia is a single-celledmemberof
thediplomonadgroupofprotists, known
for causing severe intestinal distress in
humans and other animals. It is generally
depicted as an early-branching
eukaryote (http://upload.wikimedia.org/
wikipedia/commons/thumb/1/11/
Tree_of_life_SVG.svg/2000px-Tree_of_
life_SVG.svg.png), although definitively
identifying the root of the eukaryotic
branch of the tree of life has proved
elusive [9,10]. Only a few introns have
been uncovered in the sequenced
Giardia genome, so it has been thought
that there was very little splicing.
However, Kamikawa and colleagues [1]
now show that not all splicing inGiardia
occurs at classical introns. Instead
at least two Giardia genes occur in
pieces, which are separately
transcribed, and then the transcripts are
spliced together by the spliceosome
(Figure 1). The pre-mRNAs are brought
together by formation of secondary
structures of 18–26 bp that can form
between theseparatepre-mRNAs. In the
two instancesdocumented in this paper,
a gene encodingHSP90 ispresent in two
Dispatch
R163distinctsegments locatedatdistantsites
on a chromosome (also reported in [2]),
whereas a gene encoding a dynein
heavy chain is present in four distinct
segments, three of which are spliced
together. Clearly, it would now be
worthwhile to re-examine the genome
and transcriptome of this protist to
determine whether there are perhaps
numerous genes that were missed
because the entire genes were not
contiguous. If this is true for Giardia,
for how many other organisms whose
genomeshavealreadybeen,orareyet to
be, sequencedmight it also be the case?
Giardia may be an early-branching
eukaryote or it may represent an
organism that was simplified from a
more complex ancestor that was more
typical of other protists. In either case,
this discovery suggests the interesting
possibility that some now contiguous
genes could have evolved in
non-contiguous pieces, the transcripts
of which could be spliced together. In
this model, the separate pre-mRNAs
are brought together by base pairing
and subsequently spliced to give the
precision needed for the mRNA to
contain an open reading frame. The
current contiguous genes could then
have arisen by DNA transposition, thus
forming introns that could splice at the
sites previously used in trans.
There has been much debate about
whether genes were put together by
assembling exons [11], or whether
introns are more recent invaders into
eukaryotic genes [12]. If the primitive
exons were relatively ancient, they
presumably were already transcribed,
and they may even have been
trans-spliced together to create
chimericmRNAsbefore thesubsequent
assembly of the genes. In this idea,
some current introns may be present atlocations where early pre-mRNAs were
spliced together. Of course, all of this
requires that genes were not already
contiguous in the earliest eukaryote,
a debatable proposition.
Finally, there are numerous reports of
low-level trans-splicing in human cells
(e.g. [13], although some may be
artifacts of template switching during
reverse transcription [6,14]). The actual
trans-splicing events appear to be
‘mistakes’ of the splicingmachinery, but
they can sometimes have far-reaching
consequences. For example,
trans-splicing forms a chimeric mRNA
in normal endometrium. In endometrial
cancer cells, an identical mRNA is
expressed from a chimeric gene formed
by DNA rearrangement [15]. Could the
trans-spliced mRNA have acted as a
‘guide’ for this DNA rearrangement [16]
much like RNA-guided DNA
rearrangement in Oxytricha [17]?
Perhaps trans-splicedmRNAs like those
seen in Giardia could have guided the
formation of contiguous genes later in
evolution. Did RNA lead, and DNA
follow? The answer is presumably lost in
history, but the discovery in the Giardia
genome of gene fragments whose RNA
productsmustbe trans-spliced together
provides a possible new perspective
on the role of the spliceosome.References
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of LaminationIdentifying the mechanisms that shape neuronal circuit architecture remains
a major challenge. A recent study shows that repulsive signaling between
parallel visual pathways helps organize their connections into laminar circuits
in the inner retina.Daniel Kerschensteiner
In many parts of the nervous system,
parallel pathways relay distinctinformation from one stage of
processing (or circuit) to the next.
In their target fields, axon terminals
of parallel pathways often occupyseparate layers [1]. This laminar
separation of incoming axons
facilitates the formation of
pathway-specific connections with
local interneurons and dendrites of
outgoing projection neurons which
target the same layer. Matsuoka
et al. [2] have now reported evidence
that complementary expression of
repulsive ligands and their receptors
helps guide the laminar separation
of parallel circuits in the inner retina.
In mice (and similarly in other
vertebrates), twelve types of bipolar
